Aims/Introduction: The present study was carried out to generate induced pluripotent stem cells (iPSCs) from patients with fulminant type 1 diabetes, and evaluate the cytokineinduced apoptotic reactions of b-like insulin-producing cells differentiated from the iPSCs. Materials and Methods: iPSCs were generated from fibroblasts of patients with fulminant type 1 diabetes by inducing six reprogramming factors. Insulin-producing cells were differentiated from the iPSCs in vitro. The proportion of cleaved caspase-3-positive or terminal deoxynucleotidyl transferase 2 0 -deoxyuridine, 5 0 -triphosphate nick end labeling-positive cells among insulin (INS)-positive cells derived from fulminant type 1 diabetes iPSC and control human iPSC lines was evaluated under treatment with tumor necrosis factora, interleukin-1b and interferon-c. Ribonucleic acid sequencing was carried out to compare gene expressions in INS-positive cells derived from fulminant type 1 diabetes iPSC and control human iPSC lines. Results: Two iPSC clones were established from each of three patients with fulminant type 1 diabetes. The differentiation of insulin-producing cells from fulminant type 1 diabetes iPSC was confirmed by immunofluorescence analysis and KCl-induced C-peptide secretion. After treatment with pro-inflammatory cytokines, these INS-positive cells showed higher expression of cleaved caspase-3 than those derived from control human iPSCs. Altered expression levels of several apoptosis-related genes were observed in INS-positive cells derived from the fulminant type 1 diabetes iPSCs by ribonucleic acid sequencing. Conclusions: We generated iPSCs from patients with fulminant type 1 diabetes and differentiated them into insulin-producing cells. This in vitro disease model can be used to elucidate the disease mechanisms of fulminant type 1 diabetes.
INTRODUCTION
Fulminant type 1 diabetes is a subtype of type 1 diabetes mellitus characterized by a drastic onset of hyperglycemia. The core character is that almost all pancreatic b-cells are rapidly destroyed, leading to a state of insulin dependence, reflected by the discrepancy of glucose and glycated hemoglobin levels, in this subtype. With respect to the main pathological characteristics, (i) islet-related autoantibodies are usually not detected; (ii) many patients have digestive or flu-like symptoms just before onset; and (iii) a specific human leukocyte antigen haplotype is closely associated with the disease. Additionally, a previous epidemiological investigation showed that although patients are mainly distributed in East Asia, fulminant type 1 diabetes was recently reported in Western countries. Several viruses, such as enteroviruses, are also considered to be associated with disease onset [1] [2] [3] [4] . These findings show that some antiviral immunological processes might serve as etiological factors 5 ; however, the mechanisms of b-cell destruction remain unclear. One reason for this is that most pancreatic b-cells have already been destroyed when hyperglycemia and ketoacidosis occur. Many recent studies have generated induced pluripotent stem cells (iPSCs) from patients with intractable disorders as models with which to study disease mechanisms 6, 7 . Accordingly, we generated iPSCs to study fulminant type 1 diabetes.
Cytokine-induced apoptosis is assumed to be a mechanism of b-cell destruction in fulminant type 1 diabetes, because massive mononuclear cell infiltration is observed in the pancreas of fulminant type 1 diabetes patients 8 . Tumor necrosis factor-a (TNF-a), interleukin-1b (IL-1b) and interferon-c (IFN-c) are inducers of apoptosis in in vitro cultures of human and animal pancreatic islet cells 9 . IFN-c is expressed in the b-cells of fulminant type 1 diabetes patients 10 , whereas gene ontology and pathway analyses of peripheral blood mononuclear cells have shown that the expression levels of TNF receptor signaling pathways and IL-1-mediated signaling events are significantly different between fulminant type 1 diabetes patients and healthy individuals 11 . Additionally, CXC chemokine ligand 10, melanoma differentiation-associated gene 5 and retinoic acid-inducible protein I are expressed in fulminant type 1 diabetes b-cells, and CXC chemokine receptor 3-bearing T cells infiltrate around the diseased islets 10, 12 . Thus, we hypothesized that the apoptotic responses of b-cells differ between fulminant type 1 diabetes patients and healthy individuals.
In the present study, we generated iPSCs from fulminant type 1 diabetes patients (fulminant type 1 diabetes iPSCs) and differentiated them into insulin-producing cells. We then examined the proportion of apoptotic cells among insulin (INS)-positive cells differentiated from fulminant type 1 diabetes iPSCs and iPSCs from control human iPSCs (control-iPSCs) under treatment with TNF-a, IL-1b and IFN-c. The gene expressions between the two cell populations were compared by ribonucleic acid (RNA) sequencing analysis.
METHODS
Patients iPSCs were generated from three Japanese patients who fulfilled the criteria for fulminant type 1 diabetes 13 . Patient 1 was a man aged in his 50s, patient 2 was a man aged in his 40s and patient 3 was a woman aged in her 20s. Written informed consent was obtained from all three patients.
Generation of iPSCs
Skin biopsies were carried out on the three patients several years after fulminant type 1 diabetes onset. All iPSC clones were generated from skin fibroblasts through episomal vectors encoding six reprogramming factors (OCT4, SOX2, KLF4, L-MYC, LIN28 and p53-short hairpin RNA) according to a previously reported protocol 14 . Control-iPSC lines (409B2, 975E2 and 975E4) were provided by the Center for iPS Cell Research and Application (CiRA), Kyoto University 14 . 409B2 was generated from a 36-year-old Caucasian woman, and 975E2 and 975E4 were generated from a 6-year-old Japanese female patient. Both donors were healthy, and these control-iPSCs were generated from skin fibroblasts using the same methods used for fulminant type 1 diabetes iPSCs. This study was approved by the ethics committees of Osaka University and Kyoto University.
Cell culture
Fulminant type 1 diabetes iPSCs and control-iPSCs were cultured on mitomycin C-treated SNL 76/7 feeder cells 15 with Primate ES Medium (ReproCELL, Yokohama, Japan) containing 4 ng/mL recombinant human basic fibroblast growth factor (Wako Pure Chemical Industries, Osaka, Japan) and 500 U/mL penicillin/streptomycin (P/S; Thermo Fisher Scientific, Rockford, IL, USA) at 37°C in a humidified atmosphere of 5% CO 2 . iPSCs were passaged at 1:3 to 1:6 after dissociation with CTK solution containing 0.25% trypsin (Thermo Fisher Scientific), 0.1% collagenase IV (Thermo Fisher Scientific), 20% knockout serum replacement (Thermo Fisher Scientific) and 1 mmol/L CaCl 2 in phosphate-buffered saline (Nacalai Tesque, Kyoto, Japan).
Immunofluorescence and terminal deoxynucleotidyl transferase 2 0 -deoxyuridine, 5 0 -triphosphate nick end labeling staining The cells were washed with phosphate-buffered saline and fixed with 4% paraformaldehyde for 20 min at 4°C. Primary antibodies were as follows: goat anti-octamer-binding transcription factor 4 (1:200; R&D Systems, Minneapolis, MN, USA), rabbit anti-sex-determining region Y-box 2 (1:200; Merck KGaA, Darmstadt, Germany), rabbit anti-b class III tubulin (1:500; Cambridge Bioscience, Cambridge, UK), mouse anti-VIMEN-TIN (1:300; Santa Cruz Biotechnology, Santa Cruz, CA, USA), goat anti-sex-determining region Y-box 17 (1:300; R&D Systems), goat anti-pancreatic and duodenal homeobox 1 (1:300; R&D Systems), guinea pig anti-insulin (INS; 1:500; Dako, Glostrup, Denmark), mouse anti-glucagon (1:300; SigmaAldrich, St. Louis, MO, USA), rabbit anti-somatostatin (1:250; Dako), goat anti-ghrelin (1:250; Santa Cruz Biotechnology), rabbit anti-amylase (1:500; Sigma-Aldrich) and rabbit anti-cleaved caspase-3 (1:400; Cell Signaling Technology, Danvers, MA, USA). Alexa Fluor-conjugated secondary antibodies (1:1,000; Thermo Fisher Scientific) were used, and nuclei were stained with Hoechst 33342 (1:1,000; Thermo Fisher Scientific).
Terminal deoxynucleotidyl transferase 2 0 -deoxyuridine, 5 0 -triphosphate nick end labeling (TUNEL) staining was carried out with In Situ Cell Death Detection Kit, POD (Roche Diagnostics GmbH, Penzberg, Germany). Quantification of the stained cells was carried out using a fluorescence microscope (BZ-X710; Keyence, Osaka, Japan). Quantitative analysis of cells positive for cleaved caspase-3, TUNEL and INS was carried out by counting the entire field of nine randomly selected views (magnification: 940).
Embryoid body formation
Embryoid body formation of fulminant type 1 diabetes iPSCs was carried out as described previously 16 .
Teratoma formation
Teratoma formation of fulminant type 1 diabetes iPSCs was evaluated as described previously using non-obese diabetic/severe combined immunodeficient mice 17 . Animal experiments were approved by the CiRA Animal Experiment Committee and carried out in accordance with institutional guidelines.
Karyotype analysis G-banding chromosome analysis was carried out by Nihon Gene Research Laboratories. . The directed differentiation into pancreatic endocrine lineage was carried out according to a previously described protocol 18 with some modifications. In stage 1, cells were cultured for 1 day in Roswell Park Memorial Institute 1640 medium (Nacalai Tesque) supplemented with 2% growth factor reduced B27 (Thermo Fisher Scientific), 50 U/mL P/S, 100 ng/mL activin A (R&D Systems), 3 lmol/L CHIR99021 (Axon Medchem, Groningen, the Netherlands) and 10 lmol/L Y-27632. Cells were then cultured for an additional 3 days in stage 1 medium, but without Y-27632 exchanged for 1 lmol/L CHIR99021. The medium was then replaced with stage 2 medium containing Improved MEM Zinc Option Medium (Thermo Fisher Scientific), 1% growth factor reduced B27, 50 U/mL P/S, 10 lmol/L SB431542 (Cayman Chemical Company, Ann Arbor, MI, USA), 1 lmol/ L AMPK Inhibitor, Compound C (Merck KGaA) and 2 lmol/ L retinoic acid (Sigma-Aldrich) for 6 days. In stage 3, cells were cultured in Improved MEM Zinc Option Medium supplemented with 1% growth factor reduced B27, 50 U/mL P/S, 10 lmol/L forskolin (Wako), 10 lmol/L dexamethasone (Wako), 5 lmol/L Alk5 inhibitor II (Wako) and 10 mmol/L nicotinamide (STEMCELL Technologies, Vancouver, BC, Canada) for 12 days.
Differentiation protocol

Flow cytometry
The differentiated cells in stage 3 (day 12) were treated with 0.25% trypsin/ethylenediaminetetraacetic acid for 5 min at 37°C. After dissociation, the cells were fixed and permeabilized using BD cytofix/cytoperm TM fixation/permeabilization solution (BD Biosciences). The primary antibody was guinea pig anti-INS (1:500), and the secondary antibody was Alexa Fluor â 647 AffiniPure Donkey Anti-Guinea Pig IgG (H+L; Jackson ImmunoResearch, West Grove, PA, USA). The cells were analyzed and sorted by FACS Aria II (Becton, Dickson and Co., Franklin Lakes, NJ, USA).
C-peptide release assay and C-peptide content analysis
The differentiated cells in stage 3 (day 12) were pre-incubated in Krebs-Ringer bicarbonate HEPES buffer (137 mmol/L NaCl, 4.8 mmol/L KCl, 1.2 mmol/L KH 2 PO 4 , 1.2 mmol/L MgSO 4 , 2.5 mmol/L CaCl 2 , 5 mmol/L NaHCO 3 , 16 mmol/L HEPES and 0.1% (w/v) bovine serum ambumin containing 2.2 mmol/L glucose for 1 h at 37°C. The cells were subsequently incubated with 2.2 mmol/L glucose for 1 h at 37°C, and then with 22 mmol/L glucose and 30 mmol/L KCl for another 1 h at 37°C. Human C-peptide was measured by an enzyme-linked immunosorbent assay kit (Mercodia AB, Uppsala, Sweden). For the C-peptide content analysis, the iPSCderived cells were treated with 0.25% trypsin/ethylenediaminetetraacetic acid for 5 min at 37°C, lysed into 0.5% acid/ ethanol, and kept overnight at -80°C. Human C-peptide of the supernatant was measured by enzyme-linked immunosorbent assay kit (Mercodia AB).
Caspase-3 activity assay
In stage 3 (day 12), the culture medium was changed to Improved MEM Zinc Option medium containing 1% growth factor reduced B27, 50 U/mL P/S, 1,000 U/mL TNF-a, 50 U/ mL IL-1b and 1,000 U/mL IFN-c (PeproTech, Rocky Hill, NJ, USA). The concentrations of cytokines were based on previous reports of induced apoptosis of human pancreatic islet cells [19] [20] [21] . After the cells were treated with cytokines for 1.5-24 h at 37°C and harvested in lysis buffer, caspase-3 activity was measured by APOPCYTO Caspase-3 Colorimetric Assay Kit (Medical & Biological Laboratories, Nagoya, Japan). Caspase-3 activity was normalized to total protein, and is presented as the relative intensity compared with untreated cells.
RNA isolation from iPSC-derived INS-positive cells and realtime quantitative polymerase chain reaction
Extraction of RNA from cells fixed and isolated by flow cytometry sorting has rarely been reported 22 . We developed an original method to extract RNA from INS-positive cells derived from iPSCs. iPSC-derived INS-positive cells in stage 3 (day 12) were treated with 0.25% trypsin/ethylenediaminetetraacetic acid for 5 min at 37°C and dissociated by pipetting. 
Statistical analysis
Data are presented as mean -standard deviation from three independent experiments. Student's t-test and one-way analysis of variance followed by Scheffe's post-hoc test were used for statistical analysis. Differences between groups were considered significant at P < 0.05.
RESULTS
iPSCs can be generated from fulminant type 1 diabetes patients iPSCs were established from three patients. Two iPSC clones were established from each patient: FT1D01 and FT1D01-2 from patient 1, FT1D02 and FT1D02-2 from patient 2, and FT1D03 and FT1D03-2 from patient 3. These iPSC clones showed morphology similar to that of human embryonic stem cell colonies (Figure 1a) , expression of pluripotent markers (octamer-binding transcription factor 4 and sex-determining region Y-box 2; Figures 1b and S1), multipotent differentiation into three embryonic germ layers through embryoid body (Figures 1c and S2) and teratoma formation (Figures 1d and S3 ) and a normal karyotype (Figure 1e ). These results show that iPSCs can be generated from fulminant type 1 diabetes patients. (Figures 2a and S4 ). Glucagon-, somatostatin-, ghrelinand amylase-positive cells, as well as C-peptide-positive cells, were also differentiated from fulminant type 1 diabetes iPSCs (Figures 2b and S5 ). Some cells were positively stained with C-peptide and either glucagon or somatostatin. To compare the differentiation potential into endocrine cells between fulminant type 1 diabetes iPSCs and control-iPSCs, we examined the induction rate of INS-positive cells by flow cytometry. No significant difference was observed in the induction rate (fulminant type 1 diabetes, 3.9 -1.3% vs control, 4.1 -1.1%; P = 0.73, n = 3; Figure 2c ). We also confirmed that the Cpeptide content of INS-positive cells from fulminant type 1 diabetes iPSCs and control-iPSCs was not significantly different (fulminant type 1 diabetes, 0.29 -0.10 fmol/cell vs control, 0.32 -0.18 fmol/cell; P = 0.52, n = 3; Figure S6 ). We then evaluated the insulin secretory function of insulin-producing cells differentiated from fulminant type 1 diabetes iPSCs by Cpeptide secretion analysis. The C-peptide level did not increase on glucose stimulation, but increased significantly on KCl stimulation (Figure 2d ). These results suggest that b-like insulin-producing cells can be differentiated from fulminant type 1 diabetes iPSCs.
Proportion of cleaved caspase-3-positive cells is high in INSpositive cells derived from fulminant type 1 diabetes iPSCs
To examine the cytokine-induced apoptotic response of b-cells in fulminant type 1 diabetes patients, we evaluated the apoptosis of insulin-producing cells derived from three fulminant type 1 diabetes iPSC lines (FT1D01, FT1D02 and FT1D03) and three control-iPSC lines (409B2, 975E2 and 975E4). We carried out a time-course analysis of caspase-3 activity in pancreatic cells differentiated from FT1D01 and 975E2 in stage 3 (day 12) in response to a cytokine cocktail consisting of 1,000 U/mL TNF-a, 50 U/mL IL-1b and 1,000 U/mL IFN-c. In both iPSC clones, caspase-3 activity was increased from 3 h after the induction of cytokines, peaking at 4.5 h, and thereafter gradually decreasing (Figure 3a) . We then quantified the number of cleaved caspase- cytokines by immunofluorescence analysis. Cells were treated with cytokines for 4.5 h for the cleaved caspase-3 analysis, and 9 h for the TUNEL analysis. The results showed that the proportion of cleaved caspase-3-positive cells among the induced INS-positive cells was significantly higher in fulminant type 1 diabetes iPSCs than in control-iPSCs (fulminant type 1 diabetes, 25.3 -6.9% vs control, 18.2 -3.8%; P = 0.02, n = 3; Figure 3b ). In contrast, there was no significant difference in the proportion of TUNEL-positive cells (fulminant type 1 diabetes, 4.8 -2.6% vs control, 4.3 -1.9%; P = 0.63, n = 3; Figure 3c) . We also evaluated the difference in the apoptosis rate between two iPSC clones from each patient with fulminant type 1 diabetes (FT1D01 vs FT1D01-2, FT1D02 vs FT1D02-2 and FT1D03 vs FT1D03-2). There were no significant differences between two iPSC clones of the same patients (Figure S7) . We then carried out TUNEL analysis after 9 h of treatment with the lower dose of cytokines (300 U/mL TNF-a, 15 U/mL IL-1b and 300 U/mL IFN-c), but no significant differences in the proportion of TUNEL-positive cells were observed ( Figure S8 ). These results suggest that b-like insulinproducing cells from fulminant type 1 diabetes iPSCs might be more sensitive to apoptosis-inducing stimuli. Figure 5 . Among these molecules, several apoptosis-related genes were identified, including poly(ADP-ribose) polymerase 3 (PARP3), coiled-coil-helix-coiled-coil-helix domain containing 2 (CHCHD2) and inositol 1,4,5-trisphosphate receptor, type 2 (ITPR2). An antiviral function gene, cholesterol 25-hydroxylase (CH25H), was also identified. The basal expression of these genes before the cytokine treatment was not significantly different between fulminant type 1 diabetes iPSCs and control-iPSCs ( Figure S9 ). Other functional gene groups were also extracted, such as those related to cell-cell adhesion or differentiation and immune responses of B lymphoid cells. The top five gene sets and genes within those sets whose expression was altered in the fulminant type 1 diabetes samples as analyzed by GSEA are presented in Tables 1 and 2 . The analysis showed that several pathways related to the immune response were differentially expressed between fulminant type 1 diabetes and control samples. The 'immunoregulatory interactions between a lymphoid and a non-lymphoid cell' pathway was upregulated in fulminant type 1 diabetes samples, whereas target genes of RUNX1-RUNX1T1 fusion protein were downregulated (Tables 1 and 2 ).
Expression of apoptosis-related and immunoregulatory genes is altered in INS-
DISCUSSION
In the present study, we successfully derived iPSCs from fulminant type 1 diabetes patients and differentiated the fulminant type 1 diabetes iPSCs into insulin-producing cells with similar efficiency as control-iPSCs. The proportion of cleaved caspase-3-positive cells among INS-positive cells was higher in the fulminant type 1 diabetes iPSCs than control-iPSCs, although there was no significant difference in the proportion of TUNEL-positive cells under the same cytokine treatment. This discrepancy could be due to the difference in the two apoptosis detection systems. TUNEL assays detect DNA fragments that 409B2   975E2  975E4  FT1D01  FT1D02  FT1D03  409B2  975E2  975E4  FT1D01  FT1D02  FT1D03   PARP3  FLJ31659  ZNF586  KIAA1799  LOC222967  CH25H  CHCHD2  ALS2  S100B  HLA-DRA  RASA3  C13ORF22  PTPRE  LIPC  ADAM23  DOLPP1  MGC19764  NPAL3  MLPH  SLC16A11  KCNN1  TEKT2  CMKOR1  NEFH   TF   LMNB1   TPST1  AK5  TRIM7  CHST7  ANKRD29  FLJ38984  CGB1  CYP1A1  GRTP1  AQP11  PHLDB1  C14ORF140  RGC32  METRNL  GP1BA  PWP2H  IRAK1BP1  ACVR1B  TMPRSS2  ZNF342  ABCA2  TBC1D5  PIGL  KLHDC2   PKHD1  ZNF287  TNR  PRDM5  SAA4  CDCA2  C1ORF24  SORCS2  FLJ20481  ITPR2  FLJ11029  MYO7A  ANKRD23  MGC59937  RASSF2  BCL11A  MUC16  SLC16A9  DHODH  NPTX1  KIFC1  EGFL6  KIAA1804  INPP4B  EFHC2  KDELC2  SPRED1  ITPKA  PCDH8  IL11  STK3  PCDHB5  RHEBL1  ZNF441  CLECSF12  TRIM36  NEDD4  DCHS1  PITPNM2  KIAA1559  TRPS1  CDH15  DNMBP  COL5A1  CFH  FSHPRH1  DAPP1  CP110 EBF HBD are the final products of apoptotic signal cascades 23 . Thus, no difference in the proportion of TUNEL-positive cells between fulminant type 1 diabetes iPSCs and control-iPSCs could show that the b-cells of both fulminant type 1 diabetes and healthy individuals eventually undergo apoptosis to similar degrees. In contrast, caspase-3 is activated in the middle of apoptotic cascades 24 . Thus, the higher proportion of cleaved caspase-3-positive b-like cells in fulminant type 1 diabetes iPSCs suggests that the b-cells of fulminant type 1 diabetes might be more sensitive to cytotoxic cytokines. Other possible explanations for the discrepancy include functional differences between b-like insulinproducing cells differentiated from iPSCs and b-cells in vivo. The insulin-producing cells generated from iPSCs in the present study were functionally immature and thus might show different reactions to cytokines or other stimuli compared with mature b-cells. Some recently reported differentiation protocols showed efficient in vitro generation of functional b-cells with glucose-stimulated insulin secretion potential 25, 26 . Modification of our iPSC model by adoption of these methods might create fulminant type 1 diabetes disease models that more accurately mimic in vivo disease phenotypes.
RNA sequencing and GSEA provided candidate genes that might be related to the pathogenesis of b-cell destruction in fulminant type 1 diabetes. Among them, the expression of CH25H was downregulated in INS-positive cells derived from all three fulminant type 1 diabetes iPSC clones. CH25H encodes cholesterol 25-hydroxylase and alters cholesterol to 25-hydroxycholesterol. CH25H also acts as an interferon-stimulated gene, and 25-hydroxycholesterol has multiple antiviral effects 27 . GSEA also showed the upregulation of genes related to B-cell differentiation or immune responses, such as dualadapter for phosphotyrosine, and 3-phosphoinositides-1 (DAPP1) and early B-cell factor (EBF), in INS-positive cells derived from fulminant type 1 diabetes iPSC clones. DAPP1 regulates B-cell receptor signaling, which mediates T-cell function 28 , and EBF is a key factor for B-cell differentiation 29 . Finally, GSEA showed that immune response-related genes are differentially expressed between fulminant type 1 diabetes and control samples, implying that insufficient antiviral function or abnormal immunoregulation in fulminant type 1 diabetes b-cells might cause rapid b-cell destruction and disease development.
Whether these data are unique for fulminant type 1 diabetes iPSCs and are not observed in iPSCs from patients with autoimmune type 1 (type 1A) diabetes is unknown. Several reports have described the generation of iPSCs from patients with type 1 diabetes [30] [31] [32] and the differentiation of the iPSCs into insulin-producing cells 31, 32 . However, detailed characterization of the b-like cells was not carried out. Future studies should compare iPSC-derived b-like cells between fulminant type 1 diabetes and type 1A diabetes.
In summary, we established iPSCs from fulminant type 1 diabetes patients and generated b-like cells from the fulminant type 1 diabetes iPSCs. These cells showed upregulated expression of apoptotic markers (as evaluated by cleaved caspase-3) after cytokine treatment. Additionally, gene expression analysis showed that the expressions of several apoptosis-and immunoregulation-related genes were altered in INS-positive cells derived from fulminant type 1 diabetes iPSCs. Our iPSC model should allow for further understanding of the pathophysiology and establishment of therapeutic methods for fulminant type 1 diabetes. 
